A laboratory exercise has been developed in the frames of a new course called "Advanced undergraduate laboratory in femtosecond optics", which aims to study the dependence of the dispersion of a prism pair on the positions of the prisms. For the dispersion measurement we chose a relatively simple technique, called white light spectral interferometry. The prism pair consisting of two identical fused silica prisms was placed in the sample arm of a Michelson-interferometer illuminated with a tungsten halogen lamp. The interferograms were observed with a low resolution spectrometer in order to have a wide detection range (200-1100 nm). Measurements were performed by adjusting the optical path length in the second prism. The data was evaluated with the cosine-function fit method. Using the formalism of Fork the phase derivatives were theoretically calculated as well. The dependence of the dispersion coefficients on the displacement of the second prism agree well with the measurements. Using white light is advantageous as its broad wavelength range facilitates the retrieval of the spectral phase with high precision in a wide range. Furthermore, white light sources are relatively low-cost and safe in contrast to ultrashort laser sources.
INTRODUCTION
Since the advent of lasers, constant effort is put toward producing ever shorter laser pulses, as they could facilitate the observation of processes on very short (femtosecond) time scale. The ultrashort pulse from the output of the laser is transmitted through or reflected from several optical elements until it reaches the target, and as a result it broadens in time which may affect the outcome of the experiment. There are different pulse-shaping devices at our disposal, such as pulse compressors, which provide a possibility of compressing the pulse to its original length. Theoretically every optical element that possesses angular dispersion can be used to compensate positive material dispersion. The most widespread pulse compressor devices consist of prism or grating pairs. [1] [2] [3] [4] Regarding the employment and features of the above mentioned compressors there are significant differences. Whereas prism compressors are mainly used to compensate the nonlinear phase shift caused by the material dispersion of the gain medium in a femtosecond laser oscillator, grating compressors are mainly used to compensate dispersion of greater magnitudes compared to what is achievable with prism compressors, for instance in CPA (Chirped Pulse Amplification) systems. Moreover, a notable distinction is that prism compressors have much lower loss than those consisting of gratings, provided that the apex angle of the prisms is chosen in such a way that the incident beam fulfills the Brewster-principle.
In ultrashort laser technology there is a great demand of controlling nonlinear dispersion terms, as certain pulse distortions can be associated with given terms, thus their retrieval is of tremendous advantage. Spectral interferometry is a widely used and simple procedure for dispersion characterization. One of its enticing features is that a halogen lamp can be used as broadband light source which is not that expensive and hazardous as an ultrashort laser would be. There are more evaluation techniques suitable for spectral phase retrieval, one of which is the cosine function fit (CFF) method. 5, 6 In this work we present an undergraduate laboratory exercise called "Dependence of the dispersion of a prism pair on the positions of the prisms" developed in the frames of a new course called "Advanced undergraduate laboratory in femtosecond optics" belonging to a specialization in Laser physics. The students have the opportunity to study the dispersion properties of a prism pair in different prism positions in a wide wavelength range and retrieve the coefficients using the CFF method. Using the formalism of Fork et al. 1 the phase derivatives are also calculated theoretically and they are compared with the results of the measurements.
THEORY
The basic idea of spectral interferometry is using a two-beam interferometer illuminated with a broadband light source, such as an ultrashort laser pulse or alternatively white light, for instance a halogen lamp. The optical element under study is placed in the sample arm of the interferometer, while the other arm serves as a reference with adjustable path length. At given τ time differences between the sample and reference arms interference fringes can be observed by a spectrometer placed at the output of the interferometer. The frequency-dependent intensity distribution I(ω) of the interference pattern is the following:
where Ir and Is are the spectral intensities of the reference and the sample arms, respectively, and Φ denotes the spectral phase difference between the arms:
( ) ( ) .
During this laboratory exercise the dispersion properties of a prism pair are studied. In order to do so, first we need to recall which properties can be used to describe the linear propagation of an ultrashort pulse in a homogeneous, isotropic, dispersive medium. Conventionally, as in the literature the dispersion of an optical element is characterized by the coefficients in the Taylor-series of its spectral phase φ(ω) around the carrier frequency ω0:
is the group-delay (GD), the group-delay dispersion (GDD), the third-order dispersion (TOD) and the fourth-order dispersion (FOD), respectively.
There are more possibilities for spectral phase retrieval one of which is the CFF method. The first step of the evaluation is to perform the following normalization:
When this normalized spectral interferogram is obtained, it can be fitted with an appropriate order of phase-modulated cosine function:
where b0, b1… correspond to the coefficients in the Taylor-series in the following way: b1 = GD, b2 = GDD/2, b3 = TOD/6 and b4 = FOD/24. c1 and c2 are fitting parameters.
As an ultrashort pulse travels through an optical element exhibiting angular dispersion, for example through a prism, the spectral components belonging to different frequencies travel along different directions after the element. This means, that there is a phase difference between the components even though the monochromatic waves travel with the same speed, but in different directions. In this case the measured GDD at a given part of the pulse arises partly from the propagation in glass, and partly from angular dispersion. The pulse broadens in time while propagating in the glass, as in visible light the majority of materials have positive GDD. Angular dispersion on the other hand results in negative GDD. If we were to use only one prism, the pulse would be compressed in time, however, as the GDD caused by angular dispersion is proportional to the distance from the prism, the pulse would be the shortest only at a given point. A further problem is that in this case the beam diverges and a so-called spatial chirp occurs, thus the spectrum of the pulse changes greatly in its cross-section. For these reasons prism pairs are used as pulse compressors (Fig. 1) . The prisms should be entirely identical, isosceles, made of the same material and have equal apex angles. The prisms should be placed in opposing directions, in such a way that, to any face of one prism a corresponding parallel face of the other prism can be found. Doing so the second prism compensates the angular dispersion caused by the first one, thus after leaving the second prism all spectral components are parallel as it can be seen in Fig. 1(a) . To combine these parallel but spatially separated components into one pulse once again, an additional prism pair is necessary ( Fig. 1(b) ). An equivalent, but a much more cost-effective realization is to use two prisms and place a plane mirror after the second one, thus sending the beam twice through the system, as it can be seen in Fig. 1(a) . The GDD of such systems is determined by several factors, partly by the propagation in the prisms, and additionally by the change in the optical path-length in each prism and between the two prisms due to angular dispersion. As it can be seen, it is quite complicated to calculate the optical path lengths and the phase shift in such systems, thus the retrieval of the phase derivatives is also problematic.
In order to determine the dispersion coefficients of a prism pair there is a far easier solution. As a means to understand this, the work of Fork et al. will be reviewed. 1 First of all, we calculate the phase shift of the prism pair in Fig. 2 for a whole round trip:
where c is the speed of light in vacuum, L0 is the distance between the two prisms and β is the angle between the propagating beam and the linear connecting the two apices of the prisms. By the derivation of Eq. (7) with respect to angular frequency the GD, and by a further derivation the GDD is obtained:
If β(ω0) = 0, i.e. the component belonging to the carrier frequency ω0 propagates exactly at the apices of the two prisms, the GDD at ω0 is the following:
In this case, as it can be seen from Eq. (10), the GDD of a prism pair is negative and it is only determined by the distance between the two prisms and the angular dispersion of the prisms. Provided, that the beam in the second prism travels near the apex, i.e. β is small, an approximation can be deduced for the GDD according to Eq. (9): 
from which follows 
The FOD of the prism pair takes the following form: 
As it can be seen, the GDD, the TOD and the FOD of the system can be easily tuned. One possibility is to change the distance L0 between the prisms (see Eq. (15), (17) and (19)), as the absolute value of each dispersion coefficient increases with growing distance. Another approach is to shift the second prism in parallel with the bisector of its apex, i.e. to change the value of y. From Eq. (14), (16) and (18) it is apparent that the GDD, the TOD and the FOD are all linearly related to y, as it is observable in Fig. 3 , too. Furthermore, β also increases with y. Assuming, that in the beginning the beam travels very close to the apex of the second prism, hence β is small, the first term in Eq. (11) drops out. In the decisive second term dβ/dω is negative, its square is positive, and as it is multiplied by a negative number, the GDD will be negative. As y and β increases the importance of the first term becomes more and more pronounced. Here both terms are negative but as they are multiplied by a negative number, the term is overall positive, and slowly exceeds the absolute value of the second term, resulting in a positive GDD. This is in accordance with the conception that increasing optical path length in the second prism produces increasing positive GDD. In the case of the TOD and higher-orders it is harder to determine how the sign changes with increasing β, however, modeling can shad a light on such issues for a specific material. Fig. 3 shows the results of a simulation performed for a fused silica prism pair, with apex angles of 67.5°, placed 40 cm apart and fulfilling the minima deviation condition at 800 nm. As it can be seen, in the given conditions as y and β are increased the TOD, just like the GDD, switches from negative to positive and FOD stays negative all along. Figure 3 . The dependence of the dispersion coefficients on the position of the second prism. The path length in the second prism is minimized at 0 mm and maximized at 10 mm.
As can be concluded from the above, if L0 and β are known the phase shift can be calculated according to Eq. (7) and the dispersion coefficients can be retrieved by its numerical differentiation. Since neither the path of the beam in the second prism nor β can be exactly determined, it is difficult to compare the results of the numerical differentiation with the measurements. However, as the translation of the second prism can be precisely measured, the slope of the dispersion curves can be determined according to Eq. (15), (17) and (19) and compared with those from the measurements. The calculations can be simplified by considering, that 
EXPERIMENTAL SETUP
The dispersion of the prism pair is studied using spectral interferometry employing a Michelson-interferometer and a spectrometer (Fig. 4) . Instead of a femtosecond laser a common tungsten halogen lamp, thus white light illumination is used. The detailed tool list is presented in Table 1 . During the measurement interferograms, as well as reference and sample spectra are recorded at different prism positions. The evaluation is performed with the CFF method. 
RESULTS

Task 1
The students need to assemble the experimental setup seen in Fig. 4 using the diode laser. First the prisms need to be placed 40 cm apart from each other, and the beam should pass near the apices of each prism. In the beginning the linear translator of the second prism should be set to 0 mm. After the setup is complete the laser should be replaced with the halogen lamp. Before the measurements the residual angular dispersion should be cancelled with the help of an imaging spectrograph. Figure 5 . The realized experimental setup.
Task 2
In the next step the dispersion of the prism pair is measured in different positions of the second prism by recording interferograms, reference and sample spectra at various time delays using the spectrometer and employing white light illumination. Note that the setup was assembled with the diode laser, thus it is well set for a beam having a wavelength around 655 nm, meaning that at 0 mm the red part of the spectrum travels at the apices of the prisms. As it can be seen, for practical reasons the measurement with white light should begin after the second prism was pushed a bit further into the beam path in order to avoid chopping off the spectrum. Accordingly, the measurements were conducted at y = 2, 4, 6, 8 and 10 mm.
Task 3
The recorded interferograms are evaluated with the CFF method using MathCad. Fig. 6 shows an example of a recorded and normalized interferogram with the cosine function fit. The dispersion coefficients are determined at 800 nm up to the fourth order. Results are shown in Table 2 below. As the second prism is pushed further into the beam, i.e. more glass is introduced to the system, the GDD slowly changes its sign from negative to positive. At some point the sign of the TOD also changes to positive, but the FOD stays negative the whole time. The coefficients are plotted against the position of the second prism (Fig. 7) and after a linear fit the slopes are determined (Table 3 ). Figure 7. The measured dependence of the dispersion coefficients on the position of the second prism. The path length in the second prism is minimized at 0 mm and maximized at 10 mm.
Task 4
After the necessary geometrical parameters are measured, the dependence of the dispersion coefficients on the position of the second prism can be determined using a MathCad calculation. The calculated slopes of the dispersion curves are compared with the measured slopes. As it can be seen from Table 3 the determined slopes agree well in the case of the TOD, differ a bit for the GDD, and greatly in the case of the FOD. As it is known, the coefficients of even (and also the odd) orders in the spectral phase are correlated to one another thus the large difference in the slope of the FOD can be interpreted as a result of the variance seen in the slope of the GDD. Additionally, the FOD was retrieved with the biggest error which resulted in a faulty slope. 
SUMMARY
In this work a detailed investigation of dispersion properties of a prism pair is presented. During the laboratory exercise the students become acquainted with white light spectral interferometry and the cosine-function fit, a common spectral phase retrieval method. The results of the measurements are compared with the theoretically calculated phase derivatives using MathCad. The difference between the values of the slopes in the case of the GDD and the FOD can be described by the overall correlation of the even coefficients, thus if one of them is retrieved with error it affects the other.
